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FIG. 9B illustrates an implementation of a 1-DOF assistive
controller based on active impedance, according to one
embodiment.

FIG. 10 illustrates an exoskeleton design with multiple
degrees of freedom, according to one embodiment.

FIG. 11 illustrates human leg impedance parameters,
according to one embodiment.

FIG. 12 illustrates the virtual modification of human leg
dynamics through an exoskeleton assist, according to one
embodiment.

FIG. 13 illustrates a control architecture for the multi-DOF
exoskeleton, according to one embodiment.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

A preferred embodiment of the present invention is now
described with reference to the figures where like reference
numbers indicate identical or functionally similar elements.
Also in the figures, the left most digits of each reference
number corresponds to the figure in which the reference num-
ber is first used.

Reference in the specification to “one embodiment™ or to
“an embodiment” means that a particular feature, structure, or
characteristic described in connection with the embodiments
is included in at least one embodiment of the invention. The
appearances of the phrase “in one embodiment” in various
places in the specification are not necessarily all referring to
the same embodiment.

Some portions of the detailed description that follows are
presented in terms of algorithms and symbolic representa-
tions of operations on data bits within a computer memory.
These algorithmic descriptions and representations are the
means used by those skilled in the data processing arts to most
effectively convey the substance of their work to others
skilled in the art. An algorithm is here, and generally, con-
ceived to be a self-consistent sequence of steps (instructions)
leading to a desired result. The steps are those requiring
physical manipulations of physical quantities. Usually,
though not necessarily, these quantities take the form of elec-
trical, magnetic or optical signals capable of being stored,
transferred, combined, compared and otherwise manipulated.
It is convenient at times, principally for reasons of common
usage, to refer to these signals as bits, values, elements, sym-
bols, characters, terms, numbers, or the like. Furthermore, itis
also convenient at times, to refer to certain arrangements of
steps requiring physical manipulations of physical quantities
as modules or code devices, without loss of generality.

However, all of these and similar terms are to be associated
with the appropriate physical quantities and are merely con-
venient labels applied to these quantities. Unless specifically
stated otherwise as apparent from the following discussion, it
is appreciated that throughout the description, discussions
utilizing terms such as “processing” or “computing” or “cal-
culating” or “determining” or “displaying” or “determining”
or the like, refer to the action and processes of a computer
system, or similar electronic computing device, that manipu-
lates and transforms data represented as physical (electronic)
quantities within the computer system memories or registers
or other such information storage, transmission or display
devices.

Certain aspects of the present invention include process
steps and instructions described herein in the form of an
algorithm. It should be noted that the process steps and
instructions of the present invention could be embodied in
software, firmware or hardware, and when embodied in soft-
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ware, could be downloaded to reside on and be operated from
different platforms used by a variety of operating systems.

The present invention also relates to an apparatus for per-
forming the operations herein. This apparatus may be spe-
cially constructed for the required purposes, or it may com-
prise a general-purpose computer selectively activated or
reconfigured by a computer program stored in the computer.
Such a computer program may be stored in a computer read-
able storage medium, such as, but is not limited to, any type of
disk including floppy disks, optical disks, CD-ROMs, mag-
netic-optical disks, read-only memories (ROMs), random
access memories (RAMs), EPROMs, EEPROMs, magnetic
or optical cards, application specific integrated circuits
(ASICs), or any type of media suitable for storing electronic
instructions, and each coupled to a computer system bus.
Furthermore, the computers referred to in the specification
may include a single processor or may be architectures
employing multiple processor designs for increased comput-
ing capability.

The algorithms and displays presented herein are not inher-
ently related to any particular computer or other apparatus.
Various general-purpose systems may also be used with pro-
grams in accordance with the teachings herein, or it may
prove convenient to construct more specialized apparatus to
perform the required method steps. The required structure for
a variety of these systems will appear from the description
below. In addition, the present invention is not described with
reference to any particular programming language. It will be
appreciated that a variety of programming languages may be
used to implement the teachings of the present invention as
described herein, and any references below to specific lan-
guages are provided for disclosure of enablement and best
mode of the present invention.

In addition, the language used in the specification has been
principally selected for readability and instructional pur-
poses, and may not have been selected to delineate or circum-
scribe the inventive subject matter. Accordingly, the disclo-
sure of the present invention is intended to be illustrative, but
not limiting, of the scope ofthe invention, which is set forth in
the following claims.

1. Active Impedance

Mechanical impedance is the relationship between the net
forces acting on a mechanical system and the system’s result-
ing velocity or, for the case of rotational motion, the relation-
ship between net torque and angular velocity.

Ifthe system is linear and time invariant, the impedance of
the system can be expressed in compact form in the Laplace
domain as the transfer function Z(s) relating the velocity v(s)
to the net force f(s), as illustrated in FIG. 1. A second-order
mechanical impedance is given by the expression

Z(s)=ms+b+(K/s) M
where the terms m, b and k represent, respectively, the mass,
damping and stiffness (spring constant) of the system.

A physical system is said to be passive if the amount of
energy AE_, that can be extracted from it over a certain period
of time At is never greater than the sum of the system’s initial
energy E_, plus the amount of energy AE,, that entered the
system during At:

AE,_ ZE

our="0

+AE,, ()]

A passive impedance function Z(s) has no poles in the right
half of the complex plane. In addition, any imaginary poles of
Z(s) are simple, and have positive residues. Also,
Re{Z(jw)} =0 for all . An active system, by contrast, is not



